Many recent studies in numerical cognition have moved beyond the use of purely chronometric techniques in favor of methods which track the continuous dynamics of numerical processing. Two examples of such techniques include eye tracking and hand tracking (or computer mouse tracking). To reflect this increased concentration on continuous methods, we have collected a group of 5 articles that utilize these techniques to answer some contemporary questions in numerical cognition. In this editorial, we discuss the two paradigms and provide a brief review of some of the work in numerical cognition that has profited from the use of these techniques. For both methods, we discuss the past research through the frameworks of single digit number processing, multidigit number processing, and mental arithmetic processing. We conclude with a discussion of the papers that have been contributed to this special section and point to some possible future directions for researchers interested in tracking the continuous dynamics of numerical processing.
primarily emerged in the last decade. Though a comprehensive review of this literature is beyond the scope of this editorial, we will highlight some of the recent results which use eye tracking to investigate single-digit numerical processing, multi-digit numerical processing, and mental arithmetic. The interested reader is invited to consult the reviews of or Mock et al. (2016) for further reading.
Single Digit Number Processes
Early research in this area focused on basic aspects of symbolic number processing, such as processing speed and reading time. For example, Brysbaert (1995) found that reading time increases with increasing numerical magnitude (in analogy to the word frequency effect), suggesting that semantic attributes such as number meanings are activated in an early processing stage. Much of the more recent research that has used eye tracking to study single digit number representation has focused on the well-known observation of Dehaene, Bossini, and Giraux (1993) that people are faster when using leftward responses to categorize small numbers and rightward responses to categorize large numbers. This observation of a spatial-numerical association of response codes (i.e., the SNARC effect) has resulted in a large body of research on the "mental number line", a hypothesis that numbers are cognitively represented as a spatial continuum with an implicit ordering, where small numbers are represented to the left of large numbers.
While most of the early research on the mental number line was based on chronometric analysis, several recent studies have shown that eye movements also show this spatial-numerical association. For example, Loetscher, Bockisch, Nicholls, and Brugger (2010) demonstrated that leftward and downward shifts of eye gaze reliably predicted that the next number generated by a participant in a random number generation task would be smaller than the previously generated number. Similarly, a rightward and upward movement reliably predicted that the next number would be larger than the previous. Remarkably, this ocular association between number and space seems to be spontaneous even in passive listening tasks. This was demonstrated by Myachykov et al. (2016) , who found that even when participants were asked to maintain fixation on a central point while listening to auditory-presented number names, they showed reliable leftward drift in eye movements when listening to small numbers, and conversely, rightward drift when listening to large numbers.
Multidigit Number Processes
Whereas single-digit number tasks seem to evoke a tight correspondence between directional eye movement and spatial number representation, studies involving numbers with multiple components (e.g., multidigit Arabic numerals, such as 24, and fractions, such as 3/7) have used eye tracking to uncover other interesting results.
One of the early studies in this regard was Moeller et al. (2009) , who used eye tracking to tackle the classic problem of sequential versus parallel architecture in two-digit number representation. Moeller et al. showed that eye fixation patterns implied that two-digit number comparison proceeds in a decomposed fashion (i.e., separate comparisons of decades and units), but these digit comparisons were performed in parallel rather than one digit at a time.
Along a similar line of research, Huber, Mann, Nuerk, and Moeller (2014) studied two-digit number processing through the lens of the unit decade compatibility effect, a classic signature of decomposed processing (Nuerk, Weger, & Willmes, 2001) . To explain this effect, consider the two-digit numbers 28 and 43. If one were to compare these numbers in a decomposed fashion (that is, separately compare the unit/decade digit of one number to the unit/decade digit of the other), one might note that 2 is less than 4, but 8 is greater than 4. In other words, Faulkenberry, Witte, & Hartmann 273 the decomposed comparisons are in opposite directions; Nuerk et al. (2001) However, when the experimental context did not allow participants to make strong predictions about the relevance of components to the overall fraction comparison, the eye movement patterns were adjusted accordingly.
In all, demonstrated a pattern of top-down influence on fraction representation similar to that revealed earlier in the context of two-digit numbers (Huber, Mann, et al., 2014) .
Other recent studies have used eye movements to infer participants' strategies used when comparing fractions.
For example, Obersteiner and Tumpek (2015) showed that even with complex fraction stimuli (e.g., two-digit components), participants tended to prefer decomposed strategies when fractions had common numerators or denominators. On the other hand, participants preferred holistic strategies for fraction pairs that did not contain common components. Interestingly, Ischebeck, Weilharter, and Körner (2016) showed that eye movements may serve to define the processing strategies used in fraction comparison. Participants' eye movements exhibited scanning patterns that served to identify the type of fraction being compared, followed by the deployment of a specific comparison strategy adapted to the identified fraction pair type. Such results indicate that eye movements not only reflect the most fundamental aspects of numerical cognition, but also serve to shape the processing strategies used when making numerical decisions.
In a similar vein, the analysis of eye movements also revealed different strategies used in a number line task (Schneider et al., 2008) . In this task, participants are asked to place a given number onto its correct spatial position on a horizontal line (Siegler & Opfer, 2003) . Young children tend to start from the endpoint of the line and count upward (or downward) in whole units until they reach the target position. This strategy is reflected by a linear distribution of fixations along the line (from one end to the final position). On the other hand, older children start to count from the midpoint when the target position is closer to the midpoint than to one of the endpoints of the line. An increased use of such a midpoint strategy is associated with greater arithmetic competence (Schneider et al., 2008) . Finally, adults use a fully proportion-based strategy: fixations are distributed along proportional reference points (e.g., endpoint, midpoint, points between the endpoint and midpoint; Sullivan, Juhasz, Slattery, & Barth, 2011) . Thus, eye tracking reveals task strategies that are related to specific developmental stages of numerical concepts. This is particularly helpful when studying populations with impairContinuous Dynamics in Numerical Processing 274 ments in numerical cognition. For example, van't Noordende, van Hoogmoed, Schot, and Kroesbergen (2016) found that dyscalculic children attend to different features of the number line: specifically, they make less efficient use of reference points and are less capable of adapting their strategy when compared to age-matched controls (see also van Viersen, Slot, Kroesbergen, van't Noordende, & Leseman, 2013) .
Mental Arithmetic Processes
Compared to single digit and multidigit number representation, the use of eye tracking to investigate mental arithmetic processes has received less attention (see Mock et al., 2016 , for a systematic review). Among others, eye tracking has been used to further study spatial-numerical associations during mental arithmetic. Particularly, it has been hypothesized that mental addition is conceptualized as rightward movement along a mental number line, whereas mental subtraction is conceptualized as leftward movement (McCrink, Dehaene, & Dehaene-Lambertz, 2007) . In line with this hypothesis, Hartmann, Mast, and Fischer (2016) found that spontaneous eye fixatons on a blank screen were located more rightward (and upward) when mentally counting upwards than downwards. Similarly, when solving verbally presented arithmetic problems, Hartmann, Mast, and
Fischer (2015) found that participants exhibited more covert upward eye movements when solving addition problems compared to subtraction problems, and interestingly, the degree of horizontal movement was partially influenced by the magnitude of the problem operands (for a similar approach see also Yu et al., 2016; Zhu, Luo, You, & Wang, 2018) .
Other researchers have used eye tracking to provide a more sensitive measure of strategy use in mental arithmetic (e.g., Green, Lemaire, & Dufau, 2007; Hartmann et al., 2018; Susac, Bubic, Kaponja, Planinic, & Palmovic, 2014) . For example, Susac et al. (2014) recorded participants' eye movements as they rearranged algebraic equations and found a correlation between the number of fixations and the efficiency of solution. Susac et al. also found that eye movement data provided a more accurate measure of solution strategy than did explicit verbal self-reports. In a similar vein, Hartmann et al. (2018) found that superior arithmetic performance in simple addition and subtraction tasks was characterized by fewer revisits to the first operand while computing the solution, probably due to better task representation in working memory. Further, Curtis, Huebner, and LeFevre (2016) measured eye movements as a function of problem size and operation in simple arithmetic problems. Curtis et al. found that for addition and multiplication problems (as well as small subtraction problems), participants made more fixations on the operator. Conversely, for large subtraction problems and division problems, participants fixated more on the operands. Furthering this line of inquiry, Huebner and LeFevre (2017) focused on mental subtraction and combined analysis of eye fixation patterns with distributional analyses of response times to conclude that eye movements can be used to distinguish fluent solvers (who use primarily memory retrieval) from nonfluent solvers (who tend to use procedures).
an auditory word presentation. In the case where the two response labels represented phonological competitors (e.g., candle versus candy), participants' computer mouse movements were reliably deflected toward the location of the incorrect competitor on the computer screen. Spivey et al. interpreted this result as evidence for dynamic competition between parallel and partially active responses during the decision process. Methdologically, the work of Spivey et al. (2005) gave rise to the notion that online tracking of hand movements during experimental tasks can provide an observable behavior that directly indexes the underlying cognitive processes of interest in the task.
Though the work of Spivey et al. (2005) set the stage for using hand movements to index cognitive processes, it was arguably the work of Freeman and colleagues (e.g., Freeman & Ambady, 2009; Freeman, Dale, & Farmer, 2011 ) that popularized the method. Importantly, Freeman and Ambady (2010) introduced the free software package MouseTracker (freely downloadable from http://www.mousetracker.org), which provided an easyto-use interface for programming and delivering mouse tracking experiments. As a result, the mouse tracking method has been made accessible to a greater number of researchers to investigate problems in a wide variety of contexts. Since the release of this software, additional solutions for hand/mouse tracking have been released, including software solutions such as Mousetrap (Kieslich & Henninger, 2017) and increasingly sophisticated analysis methods (Calcagnì, Lombardi, & Sulpizio, 2017; Hehman, Stolier, & Freeman, 2015; Zgonnikov, Aleni, Piiroinen, O'Hora, & di Bernardo, 2017) In the field of numerical and mathematical cognition, the types of problems investigated with hand and/or mouse tracking has largely mirrored that of eye tracking. Indeed, the recent literature can be broadly classified as we did above with our review of the eye tracking literature. To this end, we will describe some of the recent papers that have used hand tracking to investigate numerical and mathematical processes.
Single Digit Number Processes
Some of the first studies to use the hand tracking methodology in the context of numerical cognition were aimed at investigating phenomena with single digit number stimuli. The first of these was Song and Nakayama (2008) , who recorded participants' hand movements as they manually touched either the left or right side of a computer screen, depending on whether the presented single-digit stimulus was less than or greater than 5, respectively. Song and Nakayama found that the recorded hand trajectories became more curved toward the center of the screen as the target number approached the comparison standard 5. They explained this increasing curvature through the lens of a direct mapping account, positing a direct correspondence between the position of a manual response and the externally projected position of a number on a mental number line.
This led to a follow-up study by Santens et al. (2011) , who argued that since Song and Nakayama (2008) used only one response rule throughout their experiment (less than 5, touch left; greater than 5, touch right), the results of Song and Nakayama could just as easily be accounted for by a competition-based model of small number representation (Gevers, Verguts, Reynvoet, Caessens, & Fias, 2006; Verguts, Fias, & Stevens, 2005) . Such an account would require no assumption of a spatial relationship between manual responses and a mental number line. To test between these two accounts, Santens et al. (2011) used finger tracking on a touchpad with two response rules, and were thus able to manipulate whether the response rules were congruent or incongruent with the typical "smaller-to-larger" arrangement of a mental number line, thus removing a possible confound between number and direction. Since the two accounts made opposite predictions regarding the patterns of
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curvatures in the number-line incongruent response mapping, Santens et al. (2011) were able to construct a strong test of the direct mapping account proposed by Song and Nakayama (2008 (2008) and Santens et al. (2011) were indeed the result of graded competition effects,
and not the result of some averaging artifact (see also Freeman et al., 2011) .
Another context in which computer mouse tracking has been used to arbitrate between competing theories of numerical representation is the size congruity effect (Henik & Tzelgov, 1982) , which is the finding that people are slower and more error prone to choose the physically larger of a digit pair when the numerical magnitude is incongruent with the physical magnitude (e.g., a large 2 presented with a small 8). 
Multidigit Number Processes
Similar efforts with hand tracking have been employed to attack problems in multidigit number processing.
Dotan and Dehaene (2013) presented some early data on this problem by recording participants' finger movements while locating two-digit numbers on a presented number line. Dotan and Dehaene used regression analyses to trace the dynamics of predictors for these finger locations, and found that participants first form a quick representation of the unit digit magnitude, followed by both holistic and decomposed representations of the twodigit number. Their results indicated that both holistic and decomposed representations may play a role in twodigit number representation (supporting the hybrid model of Nuerk et al., 2001) .
Similarly, Bloechle, Huber, and Moeller (2015) tracked finger movements in a two-digit number comparison task. Bloechle et al. (2015) had participants point to the larger of a pair of two-digit numbers on a touch screen.
They found that the final landing point of the finger on the target number was significantly left of the midline between the decade and unit digit, a finding they termed "decade bias". Further, this decade bias was reduced on unit-decade incompatible trials, possibly because on these trials the magnitude information from the unit digit became more salient. They argued that this behavior reflected "an embodied representation of the place-value structure of two-digit numbers" (Bloechle et al., 2015, p. 480) . Notably, the experiment of Bloechle et al. Shaki (2017) responded to this claim by showing that trajectory patterns which might indicate decade bias were reversed when response labels were also reversed. Similar to Faulkenberry (2016), they claimed that this trajectory data showed support for a competition model of two-digit number comparison rather than a purely embodied representation of place value.
As with eye tracking, hand tracking has also been used to investigate the dynamics of fraction representations.
Faulkenberry, Montgomery, and Tennes (2015) recorded participants' computer mouse movements while they made decisions about whether presented fractions were greater or less than 1/2. Faulkenberry et al. (2015) found that trajectories showed competition effects from both component magnitude and holistic magnitude, but the competition from component magnitude happened much earlier in the decision process. Faulkenberry et al.
(2015) interpreted these results in terms of a hybrid model of fraction representation, where both decomposed and holistic magnitudes are processed together in a continuous, competitive fashion.
Mental Arithmetic Processes
The literature employing hand tracking to understand mental arithmetic processes is considerably less developed compared to numerical representations. However, there are a few important first strides in this area. The first such study to examine manual dynamics of mental arithmetic was Marghetis et al. (2014) , who measured participants computer mouse movements as they clicked the answer to presented single-digit arithmetic problems. Marghetis and colleagues found that the recorded hand trajectories showed significant rightward deflection for addition problems and leftward deflection for subtraction problems, consistent with the predictions of theories which conceptualize arithmetic as being supported by a dynamic, spatial processing component (Mathieu, Gourjon, Couderc, Thevenot, & Prado, 2016 ).
This conclusion is also supported by the recent work of Pinheiro-Chagas et al. (2017) . In their study, PinheiroChagas and colleagues tracked participants' finger movements as they pointed to the results of single-digit addition and subtraction problems on a number line. Similar to Marghetis et al. (2014) , they found that participants' finger movements showed rightward attraction on addition problems and leftward attraction on subtraction problems. Further, these spatial attractions were predicted by magnitude properties of the problem operands. Pinheiro-Chagas et al. (2017) interpreted these results as support for a fast procedural view of mental arithmetic, where addition and subtraction are solved via simulated motion on a mental number line. Studies such as these are important because they can potentially shed new light on some classic debates in mathematical cognition, such as the "procedures versus memory retrieval" debate in mental arithmetic (e.g., Ashcraft, 1985; Baroody, 1985) .
The Present Collection
The papers that we have collected for this special section of Journal of Numerical Cognition represent an important continuation the above-mentioned work on tracking the continuous dynamics of numerical representation. Across these five articles, the reader will see a variety of approaches, ranging from computer mouse tracking to eye tracking and visual search methods.
Two of the papers used some version of hand tracking to investigate number processing. The article by Erb, Moher, Song, and Sobel (2018, this section) addresses one of the current shortcomings of hand tracking re-
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search by extending this methodology to a developmental focus. In their experiment, Erb and colleagues adapt the original hand tracking study of Song and Nakayama (2008) to a sample of 5-and 6-year-old children and track hand trajectories as these children respond to centrally presented number stimuli by pressing a left-side rectangle for small numbers and a right-side rectangle for large numbers. In addition to replicating the original finding of Song and Nakayama (2008) , where reach trajectories became more curved as the numerical distance to the comparison standard decreased, Erb et al. (2018) also showed that the observed numerical distance effects were more pronounced in measures that reflected response execution than in measures reflecting response initiation. These results open up a potentially exciting avenue of research on the processing locus of the numerical distance effect.
The second paper that used hand tracking to investigate numerical processing was offered by Ursula Fischer, Martin H. Fischer, Huber, Strauss, and Moeller (2018, this section) . In their paper, Ursula Fischer and colleagues developed a novel method whereby they asked participants to respond to parity judgment and magnitude comparison tasks via a continuous swiping movement. That is, they asked participants to perform actions similar to those that have recently become commonplace with smartphones and tablets, where screen navigation is initiated by touching an object and swiping it rightward or leftward. In addition to reporting some interesting data with regard to the SNARC effect and the MARC effect (the finding that right hand responses are faster for even numbers, whereas left hand responses are faster for odd numbers; Nuerk, Iversen, & Willmes, 2004) , Ursula Fischer et al. (2018) found that the magnitude of the finger swipe increased with numerical magnitude. As the first such report of this finding, this work is likely to be influential for a host of future efforts to better understand this spatial-numerical phenomenon.
Along with these papers on hand tracking, we also collected two papers that used eye tracking to study the dynamics of number processing. As described earlier, decisions with fractions pose special cognitive processing demands as a symbolic fraction represents a (rather abstract) relative magnitude. People often struggle with interference between holistic and decomposed strategies which treat the numerator and denominator either as a single whole number or as separate quantities. Obersteiner and Staudinger (2018, this section) assessed the eye movement patterns of adults during a mental arithmetic task with fractions. Extending the dominant literature which focuses solely on fraction comparison tasks, Obersteiner and Staudinger used fraction addition problems of varying complexity. Eye tracking data revealed that task difficulty had a direct impact on the strategies chosen. Participants mostly exhibited component-based saccades, either between numerators for same-denominator tasks or between denominators for all other fraction addition tasks. Holistic saccades were also common, and further research is needed to clarify whether these eye movements, which were not necessary to solve the task, may represent double-checking behavior or reading. Similar to some of the past work on eye tracking with fractions, the current study by Obersteiner and Staudinger (2018) shows that adults adjust their eye movements in a way focusing on the most relevant components of a fraction. Additionally, we think that the work of Obersteiner and Staudinger might be highly relevant to helping students who struggle with fraction arithmetic, providing a tool to assess and compare individual skills of mathematical learning in greater detail.
The second paper of our collection that uses eye tracking reports on research by van der Weijden, Kamphorst, Finally, the paper by Lee, Sobel, York, and Puri (2018, this section) provides a different take on a fundamental problem concerning the dynamics of numerical representation. Specifically, Lee et al. (2018) employed a visual search task in order to further explore the temporal dynamics of the mechanisms underlying how adults extract numerical meaning from digits. More specifically, they examined response times required for estimating the average of digit arrays of varying sizes in order to determine whether numerical meaning is extracted in a serial or parallel fashion. Their results suggest that semantic information from multiple digits may be extracted by a parallel processing mechanism, thus contributing to the debate about the integration of perceptual and semantic information (see also Sobel, Puri, & Faulkenberry, 2016; Sobel, Puri, Faulkenberry, & Dague, 2017) .
Conclusions
The papers collected in this special section add to an ever-growing literature focused on tracking the continuous dynamics of numerical representation. As this field of inquiry is still relatively young, there is plenty of room for researchers to apply these methods in a wide variety of empirical contexts, ranging from description to theory testing. The next decade will be an exciting time indeed, as the techniques and tools for measuring continuous dynamics in numerical representation will mature and become more widely available as time progresses.
We think the present collection of papers will form a core set of work that will be widely cited in many of these future studies. We further hope that the ideas presented in these papers will generate a wide variety of new questions and techniques for future research. 
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